Abstract: Water infiltration and storage under surface irrigation are evaluated, based on the initial soil water content and inflow rate as well as on the irrigation parameters and efficiencies. For that purpose, a field experiment was conducted using fruitful grape grown in alluvial clay soil at Shebin El-Kom in 2008 grape season. To evaluate the water storage and distribution under partially wetted furrow irrigation in comparison to the traditional border irrigation as a control method, two irrigation treatments were applied. They are known as wet (WT) and dry (DT) treatments, at which water was applied when the available soil water (ASW) reached 65% and 50%, respectively. The coefficient of variation (CV) was 6.2 and 10.2% for WT and DT respectively under the furrow irrigation system as compared to 8.5% in border. Water was deeply percolated as 11.9 and 18.9% for wet and dry furrow treatments respectively, as compared with 11.1% for control with no deficit. The application efficiency achieved was 86.2% for wet furrow irrigation achieving a high grape yield (30.7 t/ha). The relation between the infiltration (cumulative depth, Z and rate, I) and opportunity time (t 0 ) in minutes for WT and DT treatments was: Z WT = 0.528 t 0 0.6 , Z DT = 1.2 t 0 0.501 , I WT = 19 t 0 -0.4 , I DT = 36 t 0 -0.498 .
Surface irrigation that has a lower efficiency than other methods is the oldest most widely used irrigation method in Egypt and the world over. Irrigation water generally infiltrates into the root zone during conveyance and recession of water at the soil surface. The inlet stream size should be adjusted to meet the intake characteristics of the soil, the slope, and the entire area to provide a nearly uniform time for water to infiltrate at all points along the length of the furrow, border, or basin. Three phenomena should be considered in the surface irrigation design: (1) the intake characteristics of the soil; (2) the rate of advance of the water front moving along the furrow or strip;
(3) the rate of recession of water along the furrow or strip after the water delivery has been cut off. The shape of water infiltrated to a depth depends on numerous factors, such as the variability of the soil, flow channel shape, type of irrigation (furrow versus border strip), inflow rate, irrigation hydraulics, duration of the irrigation, and the field slope (Holzapfel et al. 1984; Blair & Smerdon 1988; Valiantzas et al. 2000) .
The general surface irrigation process includes four phases: advance, storage, depletion, and recession (Holzapfel et al. 1984; Walker & Skogerboe 1987; Alazba 1999 This phase is characterised by down-field movement of the advancing water front and continues until the water reaches the downstream end of the field. After the water has advanced to the downstream end, it continues to accumulate in the field in the storage phase. In this phase, water covers the entire field and the inflow continues at the upstream end of the field. The storage phase ends, and the depletion phase begins when the inflow ceases. The depletion phase continues until the depth of the surface water at the upstream end is reduced to zero. This phase differs from the storage phase only by the absence of inflow into the field. The horizontal recession phase begins when the depth of the surface water at the upstream decreases to zero, marking the initiation of the water drying or recession front. This phase continues until no surface water remains on the field and the irrigation is complete. The time interval during which the infiltration of water into the soil can occur is bounded by the advance and recession functions and is defined as the infiltration opportunity time (Holzapfel et al. 1984; Foroud et al. 1996; Rodriguiz 2003) . The water flow, soil surface roughness, and infiltration rate affect the non-uniform and unsteady pattern of flow into the root zone along the furrow or border of surface irrigation. The water inflow is expressed by a continuity equation and an equation of motion (Cahoon et al. 1995) . Wu (1971) studied individual inflows as water advance effects on water outflow. His derivations of the water infiltrated into soil along a furrow were based on the advance and storage stages of the surface irrigation interrelation with the soil infiltration rate. Warrick (1983) examined six statistical distributions of the depth of water infiltrated on surface irrigation. He found that the uniformity coefficient, UC as well as the lower quarter distribution uniformity, DU are related analytically to the coefficient of variation CV by the general approximations: UC = 1 -0.8 CV and DU = 1 -1.3 CV. The aim of this work was to determine if the furrow irrigation system could have irrigation water efficiency on the water storage and infiltration higher than the border method in alluvial clay soil with cultivated grape.
THEORY

Infiltrated water depth
The initial soil moisture content was measured before measuring the infiltration rate. The infiltration rate of the soil was measured using the double ring method (Ankeny 1992 ) before the irrigation in more than one location along the furrow.
The soil infiltration rate (I) is an empirical power function (Rodriguiz 2003) describing the rate in cm/h as a function of the opportunity time in minutes and is expressed as:
where:
The infiltration rate becomes constant when t o nearly equals to 10 (1 -n), and then it is called the basic infiltration rate (Ic) which represents a steady state of the water flow in to the soil or saturated hydraulic conductivity (Ks) (Philip 1969; Amer 2001a, b) .
The cumulative infiltrated depth as a function of the opportunity time can be derived by integrating the right side of Eq. (1) with respect to the opportunity time and is expressed as:
where: Z -cumulative infiltration depth (cm) n -empirical power coefficient which ranges from 0.8 to 0.2 for most soil types
The integrating constant b is the correction factor of the data at the first stage of infiltration:
where: Z 3 -estimated at t 3 t 3 = √ t 1 √ t 2 Z 1 , Z 2 -being measured at t 1 and t 2 , respectively
The water advance and recession functions combine to define the infiltration opportunity time along the furrow or strip length as shown in Figure 1 . The two functions can be defined as the advance or recession times versus the distance ℓ along the furrow or strip and are formulated as empirical power equations (Elliot & Walker 1982; Walker & Skogerboe 1987; Scaloppi et al. 1995; Rodriguiz 2003) as follows: The water infiltration opportunity time along the furrow or strip length which is the difference between the last time when water disappeared and the first time when water started at the same point along the furrow or strip can be determined as follows:
where t o is the opportunity time in minutes when water totally infiltrated along the furrow or strip into the depth of the root zone and T is the total time of the advance, storage, and depletion (duration time that starts with water being turned on and ends when water at the upstream end disappears) given in minutes as shown in Figure 1 . When storage and depletion do not occur, the total time T is taken from the water turn on to cut off.
The advance depth, Z  , which is infiltrated during the advance time, can be formulated as follows:
The storage depth, Z s , along the furrow which is infiltrated when water is cut off can be formulated as follows:
The depletion, Z d , along the furrow which is infiltrated at the end of the depletion stage can be formulated as follows:
Infiltrated water depth along irrigated field
The infiltrated water depth Z along the furrow can be formulated by incorporating Eq. (3) and (4) into Eq. (5), subsequently applying Eq. (2) as follows: The infiltrated water depth along the furrow can be profiled using Eq. (8) as shown in Figure 2. The desired water depth d which the soil can keep in the root zone divides the area under the irrigation conditions into three divisions, i.e.: A 1 represents the water stored in the root zone, A 2 represents the water of deep seepage beyond the root zone, and A 3 represents the water deficit in the root zone.
The deep seepage area, A 2 , can be formulated as follows:
Water usable by the plant area, A 1 , can be formulated as follows:
The deficit area, A 3 , can be formulated as follows:
The infiltrated water depth Z can be formulated from Eq. (8) in a simple form by using binomial expansion and keeping only the first two terms without significant deference occurring as follows:
The average infiltrated depth of the low quarter, can be derived as follows:
Irrigation efficiency
The percentage of the water deep seepage P DS defined as the ratio of the irrigation water drained beyond the root zone to the total water applied can be formulated as follows:
The percentage of water deficit P D defined as the ratio of the water deficit to the water needed in the root zone can be formulated as follows:
Water uniformity for the surface irrigation profile can be determined by measuring the infiltrated water along the furrow or strip in systematic stations. The uniformity coefficient as well as the distribution uniformity evaluates the design of the irrigation systems. Uniformity coefficient, UC as a parameter that shows how uniformly is water distributed along the furrow can be defined as follows: The distribution uniformity DU defined as the ratio of the average low quarter depth of water infiltrated Z -LQ to the mean of water depths Z -along the strip can be expressed as:
The application and storage efficiencies evaluate the design of the system synchronising with the irrigation scheduling. The application efficiency E a with no tail water runoff, defined as the ratio of infiltrated water stored in the root zone to the total water applied, can be expressed as:
Storage efficiency E S defined as the ratio of the infiltrated water stored to the water needed in the root zone can be expressed as:
Irrigation evaluation using linear distribution
In practice, irrigation systems apply water with a degree of non-uniformity. If the irrigation amount applied (d) is considered in between minimum and maximum depths of water distribution (Z min ≤ d ≤ Z max ), then the area wetted by the irrigation system is divided into the surplus and deficit areas. Then, the situation is called to be under irrigation condition. When d ≥ Z max , the whole area is deficiently irrigated. If d ≤ Z min , the whole area is superfluously irrigated.
The schedule parameter α specifies the deviation of the schedule irrigation depth d to the average of the water distribution depth X -in terms of CV and is formulated as follows:
where: d -water depth expressing the plant water requirement Z --mean water distribution depth applied
In the under irrigation condition, the relative schedule depth (1 + αCV) in Figure 3 intersected with the water distribution curve Z/Z -shows both the deep seepage area (A S ) and the deficit area (A D ) which define both the deep seepage (P DS ) and deficit (P D ) percentages, respectively.
The percentage of the area under the deep seepage is defined as:
The percentage of the area under deficit is defined as: In the under-irrigation condition, the deficit percentage is defined as the ratio of the water deficit to the water required in the root zone and is formulated using linear distribution of the water applied by the irrigation system and is determined as follows:
Where CV is system's coefficient of variation and α is schedule parameter.
The percent of deep seepage (P DS ) in under-irrigation condition is described as follows:
In complete over-irrigation, when P D equals zero and α ≤ -1.725, the over irrigated percentage is as follows:
In complete deficit, when P D equals zero α ≥ 1.725, the deficit fraction is as follows:
The application and storage efficiencies were used to evaluate the design of the system synchronising with the irrigation scheduling. The application efficiency (E a ) defined as the ratio of water stored in the root zone to the total water applied was calculated as follows:
The storage efficiency (E S ) defined as the ratio of the amount of water stored to the water needed in the root zone was calculated as follows:
The distribution uniformity, DU, can be expressed in linear distribution as follows:
The uniformity coefficient, UC, can be expressed in linear distribution as follows:
MATERIALS AND METHODS
The field experiment was conducted in alluvial soil cultivated with grape and continued during the growing season 2008 from 25 February to 11 July. The soil is located at Shebin El-Kom area in the Nile Delta (17.9 m a.s.l., 30°32'N, 31°03'E). The soil of the studied area was non-saline and non-alkali (EC e = 2 dS/m, SAR =7.5, and pH = 7.6), and the clay fraction in the surface depth was increased by 41%, in the subsurface depths. The soil particle size distribution in the soil profile was 46.5% clay, 33.8% silt, and 19.7% sand on average. The studied area was irrigated with the Nile water having EC = 0.65, SAR = 2.4, and pH = 8.2. The chemical and physical properties of the soil as well as of the irrigation water used in the study were determined according to Page (1982) and Klute (1986) . As shown in Table 1 , the volumetric soil water content at the field capacity was increased from 39.4% in the first twenty centimetres of the surface soil to 43.3% in the second twenty centimetres of the soil, decreasing to 38.9% in the soil depth from 80 to 100cm. The average volumetric soil content was almost 41.02% for one meter depth. The bulk density was 1.32 g/cm 3 in the soil surface (0-30cm) and in the deep subsurface (80-100cm), but it decreased in the lower depths with an average of 1.29 g/cm 3 for 1 m soil depth. 
Experimental treatments
A randomised complete-blocks design with the irrigation types as the main block and two different techniques of irrigation scheduling as random treatments with the furrow irrigation compared with the border irrigation treatment was established as shown in Figure 4 . There were three replicates in each treatment. The plot size was 54 × 15 m with 2.5 m row width and a 2 m spacing between the plants within rows. The plants were adequately watered using first the border irrigation. The irrigation water treatments were the wet and dry furrow treatments compared to the dry border treatment. In the wet treatment (WT) the irrigation water was applied when the available soil water (ASW) was reduced by 35% (i.e. ASW is almost 65%) in the soil profile, in which the measured gravimetric water content was 26.33% at the soil retention ψ = 1bar. In the dry furrow treatment (DT), water was applied when the soil water content reached almost 50% of the available soil water (23.9% gravimetric water content at soil potential ψ = 3.5bar). Only the dry treatment with two replicates was applied under the border irrigation as the control when ASW was below 50%, almost 22.6% soil water content by weight. The water distribution along the furrow was obtained mathematically and compared to the control treatment by border. Linear distribution was used to determine the deep seepage, water deficiency, storage efficiency, and application efficiency.
Furrow irrigation design
The evaluation of the surface irrigation based on the measurements of the advance and recession phases and an independent measurement of the soil infiltration is affected by the inlet flow, soil type, furrow slope, length, shape, time of irrigation cut off, and cultivated crop, all of which being the design parameters.
The furrow was 54 m in length and 0.7 m in width with blocked-ends. Figure 4 shows the shape of the furrow and the border experiment layout. The field slope was measured using a water level tube and recorded as 0.12%. The water advance and recession times were recorded at each 4.5 m along the furrow length for two different soil water contents. The soil water content along the furrow was measured for 1m soil depth in nine stations using soil samples taken by an augur. The water advance time was recorded for each 4.5 m length during the irrigation time. The total flow time T including the times of the water advance, storage, and depletion was recorded from the time of the water being turned on to the moment of its disappearing at the upstream end. The water recession time as the function of the furrow length was recorded in an empirical equation. The inflow rate of 2.1m 3 /h was measured using the flow meter for the furrow treatments, and, of 7.5m 2 /h per unit width for the border treatment. The collected data were used to find out the power equations as shown in Eqs. (3) and (4). The irrigation schedule depth (d) was determined using water balance as follows: The average width of the flow in the border was taken as 2.5 m, equal to the strip width. But the average width of the flow in the partially wetted furrow (w) was determined as follows: 
Crop yield
Grape yield was determined by evaluating the average yield per plant in kg and multiplying that by the number of plants in feddan (840 trees/feddan), where 1 feddan is equal to 4200 m 2 . The water use efficiency, WUE, was determined by dividing the grape yield in kg/feddan by the amount of water applied in m 3 /feddan.
RESULTS AND DISCUSSIONS
Infiltration functions
The field infiltration rates were obtained using the double ring infiltrometer as presented in the curves in Figure 5 . The soils at the three locations were moderately dry on the surface, prior to the infiltration it was about 23.9% of the initial water moisture content by weight for the dry treatment. The initial soil moisture was 26.33% in the wet treatment when the soil infiltration was measured. The measured intake rates for the individual infiltration runs were obtained at 2-to 10-minute intervals for the duplicate measurement locations at each of the three sites. The average points in the figure were taken from the duplicate measured curves (different locations) at regular time intervals; the vertical bar at each point shows the difference between the duplicate curves at a given time. The precision of these measurements was excellent considering the reference soil variation between the measurement locations at a given site and the likelihood of errors in the infiltration measurements with r 2 = 0.966 for the dry and wet treatments respectively. The minimum value of 1.8 cm/h infiltration rate (I c ) was found for both treatments and according to Kutilek and Nielsen (1994) , the saturated hydraulic conductivity could be considered as 0.667 × 1.8 = 1.2 cm/h. The cumulative infiltrated depth Z in cm was integrated from the infiltration rate function and reported as Z = 1.2 t o 0.502 and Z = 0.528 t o 0.6 , respectively, where Z is given in cm and t o in min
Water application under border irrigation
The border system that supplied water at the beginning of the grape growth was used to apply water in the dry treatment as the control treatment. The water infiltrated depth was determined from the water advance, recession, and infiltration functions (r 2 = 0.965). Empirical power form equations were obtained by regression for the measured advance data in the border strip with blocked-end yielding t  = 0.1242  1.42 by applying 7.5 m 2 /h inlet discharge per unit width and 44 min water cut off as shown in Table 2 . While the horizontal water recession time was described as t r = 0.214  1.127 . The total time T that included the advance, storage, and depletion phases was 54 min. The total advance time t L was recorded as 38 min. The total recession time t R was found to be 75 min. The data of advance and recession times as well as infiltrated water depths in four stages are illustrated in Table 2 .
The soil water intake was slightly infiltrated in the storage and depletion stages due to minimal of the storage and depletion times. On the contrary, soil water intake was largely infiltrated due to maximal advance and recession times. The average infiltrated water depth along the border was 102 mm (428 m 3 /feddan) by applying 7.5 m 2 /h inlet discharge per unit width. Maximum infiltrated depth was 115.5mm which occurred at the down stream end. Minimum infiltrated depth was recorded as 88.9mm occurring at the upstream end. Seasonal irrigation water was averaged to 1711 m 3 /feddan (4074 m 3 /ha) as determined based on 5 irrigations by border including the water applied in the first irrigation.
Water application by furrow irrigation
The furrow irrigation system was developed to supply water into grape farm using pipelines, thus reducing the wetted surface area in order to save water. The system applied water into the furrow width of 0.7 m nearby the plant roots. The partially wetted soil area under the furrow was determined as 615 × 58 mm and 659 × 120 mm under the wet and dry treatments, respectively.
The wetted furrow width and depth were dependent on the irrigation time, increasing with the increasing irrigation time. Table 3 shows the water advance and recession times in the wet furrow treatments. The empirical power form equations were obtained by regression of the measured advance data for the furrow with blocked-end yielding t  = 0.181  1.4 by applying 2.1 m 3 /h inlet discharge. While the horizontal water recession time was described as t r = 0.47  1.2 by applying 2.1 m 3 /h and 55 min water cut off. The total time T that included the advance, storage, and depletion phases was 57 min. The total advance time t L was recorded as 50 min. The total recession time t R was found to be 37 min. It was evident that the soil water intake slightly infiltrated with the ascendency in the recession, storage, and depletion stages due to its minimal time. Reversibly, the soil water intake was largely infiltrated due to maximal advance time. The infiltrated water depth along the furrow was 58 mm on average by applying 2.1 m 3 /h inlet discharge. The amount of the water applied was 59.8 m 3 /feddan per irrigation. Maximum infiltrated depth was 59.7 mm, occurring at the upstream end. Minimum infiltrated depth was recorded as 51.1 mm, occurring at the downstream end. The total amount of the water irrigation was seasonally averaged as 1086 m 3 /feddan (2585 m 3 /ha) based on 11 irrigations for the Wet treatment plus the first irrigation (428 m 3 /feddan) using the border irrigation. Table 4 shows the water advance and recession infiltrated depths in the Dry furrow treatment. Empirical power was found for the water advance for Dry furrow with blocked-end yielding t  = 0.62  1.28 by applying 2.1 m 3 /h inlet discharge. While the horizontal water recession time was described as t r = 0.343  1.22 . The total time T that included the advance, storage, and depletion phases was 124 min. The total advance time t L was recorded as 102 min. The total recession time t R was found to be 42 min.
Wet treatment
Dry treatment
It was noticed that the soil water intake slightly infiltrated ascendant in the storage and depletion stages due to its minimal times. On the contrary, soil water intake largely infiltrated due to maximal advance and recession times. The average infiltrated water depth along the furrow was 120 mm by applying 2.1 m 3 /h inflow rate for the dry furrow. The amount of the water applied was 132.8 m 3 /feddan per irrigation. Maximum infiltrated depth was 134.9 mm occurring at the upstream end. Mini- 
Irrigation evaluation and grape yield
The coefficient of variation was determined for the furrow and border treatments and illustrated in Table 5 . The coefficient of variation was 6.2 and 10.2% for the wet and dry treatments of the furrow systems, respectively. It was 8.5% by applying water under border system.
The schedule parameter α was determined using statistical model based on Eq. (20) as shown in Table 5 . The schedule parameter (α) was -1.9 with the furrow treatments and -1.3 with the border irrigation. The irrigated area received only the surplus of water along the furrow length. For that reason, the irrigated area did not have any water deficit and water was deeply percolated as 11.9 and 18.9 % for the Wet and Dry treatments in the furrow irrigation, respectively. It was 11.1% in the border irrigation due to irrigating when ASW was below 50% (initial soil moisture was 22.6% by weight). The wet furrow irrigation treatment achieved 86.2% application efficiency and100% storage efficiency. The grape yield achieved was as high as 12.9 ton/feddan by applying the wet furrow treatment, due to a higher water use efficiency (WUE), 12.1 kg/m 3 , than that under the border irrigation.
CONCLUSION
The main goal of the work was to study the effect of using the furrow irrigation system as compared with the border method on the infiltration, distribution, and storage of water in agricultural fields. For that purpose, a field study was conducted at Shibin El-Kom in grape farm from 25 February to 11 July 2008 season. The field is a clay alluvial soil, irrigated using partially wetted furrow irrigation with blocked-end 54 m long and 0.8 m wide with 0.1% slope compared with the border of 2 m width. Two different irrigation scheduling techniques with 2.1 m 3 /h inflow rate (dry and wet treatments) were applied based on supplying water in the field when the soil water content was in between 23 to 24% by weight (DT) and 26.4 to 27.2% by weight (WT). In the border irrigation system only the dry treatment was used consisting of two replicates with 7.5 m 2 /h inflow rates per unit width. The results showed that the average infiltrated water depth along the furrow was 58 and 120 mm by applying the wet and dry treatments, respectively. The seasonal amount of water used in the furrow irrigation was 1062 and 1092 m 3 /feddan with the wet and dry treatments, respectively, compared with 1283 m 3 /feddan under the border irrigation. The coefficient of variation (CV) was recorded as 6.2% and 10.2% respectively for the wet and dry furrows with the schedule parameter α = -1.9 in comparison with CV = 8.5% and α = -1.3 for the border irrigation. The irrigated area did not have any water deficit under any treatment but water was deeply percolated as 11.9 and 18.9% in the wet and dry furrow treatments, and 11.1% in border irrigation.
The results demonstrated that the short irrigation interval using furrow irrigation with a small amount of water (wet treatment) was better than a long interval with a large amount of water per irrigation (dry treatment). The wet treatment achieved 11.9 kg/m 3 water use efficiency ( WUE) and 88.1% application efficiency (Ea) compared with 9.9 kg/m 3 WUE and 81.1% Ea in the dry treatment. Grape yield has been achieved a high value of 12.9 t/feddan with the wet furrow, and decreased to 10.8 t/feddan in the dry furrow due to the increasing irrigation interval, being insignificantly affected by the increasing amount of water per irrigation. Regarding the border irrigation, the grape yield was decreased to 9.3 t/feddan, WUE to 5.4 kg/m 3 , and storage efficiency to 94.5%. R e f e r e n c e s Alazba A.A. (1999) 
